The Zika virus epidemic that started in Brazil in 2014 has spread to >30 countries and territories in Latin America, leading to a rapid rise in the incidence of microcephalic newborns and adults with neurological complications. At the beginning of the outbreak, little was known about Zika virus morphology, genome structure, modes of transmission, and its potential to cause neurological malformations and disorders. With the advancement of basic science, discoveries of the mechanisms of strain variability, viral transfer to the fetus, and neurovirulence were published. These will certainly lead to the development of strategies to block vertical viral transmission, neuronal invasion, and pathogenesis in the near future. This paper reviews the current literature on Zika virus infections, with the aim of gaining a holistic insight into their etiology and pathogenesis. We discuss Zika virus history and epidemiology in Brazil, viral structure and taxonomy, old and newly identified transmission modes, and neurological consequences of infection.
INTRODUCTION
Recently, scientific knowledge on the structure and mechanisms of transmission of Zika virus as well as on neurological malformations and disorders caused by its infection has been rapidly advancing, in great part because of joint efforts of Brazilian scientists. Circulation of the virus was first confirmed in March 2015 in Brazilian patients in Camaçari, State of Bahia (1) . The viral strain proved to be genetically similar (99%) to a French Polynesian isolate, leading to the assumption that it was brought to Brazil by infected tourists who came as spectators to the World Soccer Cup in June/July 2014 (2) (3) . By the end of March the following year, a laboratory-confirmed case of Zika virus infection was reported in a male Italian tourist who had been to Salvador, Bahia, confirming circulation of the virus in our country (4) . Zika virus has spread all over the country, causing thousands of infections (5) . These infections have not been precisely quantified owing to a lack of prompt testing of symptomatic patients, and because most infected patients are asymptomatic (6) . In addition, the disease was not included in the national notifiable disease list until February 2016. This paper reviews the current viral epidemic in Brazil and key scientific advances that have increased our understanding of Zika virus and the disease.
History and epidemiology of Zika virus in Brazil
Zika virus, of the Flaviviridae family, is the most recent arbovirus circulating in Brazil. It has been known as an infectious agent since 1952 when a rhesus macaque developed fever in the Zika Forest in Uganda, Africa (7) . Since 1954, sporadic cases of infection have been reported on the African and Asian continents (8) . The first large Zika virus epidemic was reported in the Yap Island, Micronesia, in 2007, when it was estimated that 73% of the population was exposed to the virus and developed rash, conjunctivitis, and arthralgia (9) . By the end of 2013, the same strain had disseminated to the French Polynesia islands (10) (11) , infecting ~11% of the population and reaching the East Island, located only 3,700km from the coast of Chile, in 2014 (12) . Sporadic cases of Zika virus infection in tourists returning from areas affected by the epidemic have been reported in many countries where the Aedes mosquito vector species are not present (13) (14) (15) (16) (17) (18) .
In Brazil, Zika virus ribonucleic acid (RNA) was detected in March 2015 in blood samples from patients presenting denguelike symptoms. This confirmed that the virus had spread from Bahia to Natal, Rio Grande do Norte (2) , and prompted the Pan American Health Organization (PAHO) to launch an alert in countries in the Americas to develop technical capability to detect and confirm Zika fever cases (7) .
Brazil was the first country to report laboratory-confirmed deaths caused by Zika virus (19) . It was initially hypothesized that the causative virus strain had mutated and had become more virulent, since microcephaly was also being reported. It is well established that mutations in the gene that encodes the viral envelope glycoprotein E of other members of the Flaviviridae family increase their virulence and their ability to damage the central nervous system (20) . Zika virus infection has now become an emerging infectious disease, with local transmission detected in >30 countries or territories (21) . Evidence of vertical Zika virus transmission in Brazil comes from blood and tissue samples obtained from a microcephalic newborn in October 2015 (22) . Brazil reported an alarming figure of 7,438 suspected microcephaly cases by the 18 th epidemiological week 2016; 1,326 of these cases were confirmed as congenital infection (23) . Most microcephaly cases (5,706) have been reported in the Northeast region of Brazil, suggesting the possibility of other interfering factors, such as infectious agents, environmental and genetic factors, that lead to the development of microcephaly. During the French Polynesian outbreak, only eight microcephaly cases were retrospectively identified and the estimated risk calculated as 95 per 10,000 infected women in the first trimester of pregnancy (24) . Therefore, we cannot rule out other causes of microcephaly in Brazil.
Taxonomy and structure of the Zika virus particle
Zika virus has been classified as a member of the family Flaviviridae, genus Flavivirus (25) . Most viruses from this family are transmitted by mosquito or tick bites causing mild to potentially lethal infections in humans, the latter resulting from myelitis, encephalitis, and hemorragia reported for yellow fever, dengue, West Nile fever, Japanese encephalitis, and others (26) (27) (28) .
The Zika virus particle has the same general structure as other Flavivirus species (29) . It is spherical, 42-52nm in diameter (30) . Its envelope is formed by a lipid bilayer embedded in 180 units of glycoproteins E and M for binding to a variety of cell receptors (31) . Glycoprotein E has a typical three-domain structure, but differs from that of dengue-2 virus because it has only one glycosylation site (Asn154) that appears as a small protrusion on the viral surface. Glycosylation at this specific site has been linked to neurotropism of the West Nile virus (32) . Notably, loss of glycosylation sites has been noticed in Zika virus strains from Africa that are not commonly reported to cause neurological damage. Glycosylation has been reported in Asian strains causing Guillain-Barre syndrome (GBS) and microcephaly, as seen in Brazil (33) . In another study, the loss and gain of glycosylation sites detected in African strains were associated with viral capacity to infect specific mosquito species (34) .
Zika virus nucleocapsid is formed by protein C associated with a positive-sense, single-stranded viral RNA molecule (29) that has a genomic organization characteristic of the Flaviviridae family, encoding three structural and seven non-structural proteins (35) . A complete genome sequencing of the Brazilian strain verified that it shared 97-100% similarity with the French Polynesian strain, with 51.2% GC ratio (36) . In contrast to what was initially hypothesized, no recombination events were detected that would explain its enhanced neuroinvasion or neuropathogenesis. Similar results were obtained for Zika virus isolate that infected a Slovenian woman in Brazil (30) . The long viral persistence in the mother and fetus, from 13 th to 32 nd week of pregnancy, deserves attention and has been reported in other Zika microcephaly cases (37) . The virus replicates in the rough endoplasmic reticulum membranes, as demonstrated in brain cells in vivo (30) (37) and in neurospheres in vitro (38) .
Zika virus: old and newly identified transmission modes
It has been assumed in the past that Zika virus was solely transmitted by bites of mosquitos from the genus Aedes (subgenus Stegomyia). This notion was questioned as other modes of transmission were identified. Many species of the genus Aedes can spread the virus in different geographic regions in natural and urban environments (33) (34) (39) (40) (41) , however, their potential as vectors is variable and only 20-50% of infected females carry virus particles in the saliva in some species (42) (43) . Saliva and urine are now accepted as vehicles for Zika virus transmission, since viable Zika virus particles were isolated from the saliva and urine of two acute-phase patients in Brazil. The virus was cultured in Vero cells, inducing typical cytopathic effects and raising the possibility of transmission from an infected patient to a non-immune human host (44) . Interestingly, an earlier report exists of Zika virus transmission by a monkey bite in an Australian tourist returning from Indonesia, which was dismissed as improbable at the time (45) .
The presence of viable Zika virus particles in the blood bags can have serious consequences, especially for pregnant women. Other viable Flavivirus viruses in the blood bags have also been reported (46) (47) (48) . Simultaneous circulation of two or more arboviruses (43) in many countries highlights the necessity for proper screening of blood samples for these viruses. Genetic material of three different viruses has been detected in samples from a single patient in Latin America (39) (49) and Zika virus RNA and viable particles were detected in blood samples from asymptomatic donors in French Polynesia (50) . In Brazil, viral RNA was detected in a patient who received blood transfusion from an asymptomatic donor who developed the disease a few days later (51) . The Brazilian Health Surveillance Agency [Agência Nacional de Vigilância Sanitária (ANVISA)] recommended that blood donors with laboratory-or clinicallyconfirmed Zika virus infections should be ineligible for blood donations for 30 days following complete clinical recovery, and that blood banks should be notified if the donors develop any symptoms a week after donation (52) . Ultraviolet light and amotosalen have been proposed as an efficient method of inactivating arboviruses in the blood samples (53) .
Zika virus can also be sexually transmitted. The initial evidence came from two male American researchers who went to an endemic area in Senegal to collect mosquito samples (54) . One of them reported hematospermia and his wife, who had not left their place of residence (Colorado), presented arthralgia, exanthema, and oral ulcer, similar to her husband. Anti-Zika virus and anti-yellow fever antibody titers were high in both men, but the attempts to culture the virus in human or Aedes cells were unsuccessful. One can assume that during the acute and viremic phase of infection, the damage to vascular endothelium results in blood cell and Zika virus particle shedding into the semen, favoring transmission.
High copy numbers of Zika virus RNA (2.9 × 10 7 /mL) was detected in the semen of a patient with prolonged Zika virus infection and the load remained high (1.1 × 10 7 /mL) 6 days later. Urine and semen cultures were positive (55) , confirming that these fluids can constitute viral routes of infecting a new host. Viral load in the semen was 100,000 × higher than in the serum or urine, which can be explained by the immune privilege of male reproductive organs (56) . Viral RNA has been detected in the semen up to 62 days after the onset of illness, making sexual transmission a serious concern unless condom use is encouraged (57) . Vertical transmission of the Zika virus has become a serious risk to pregnancy and fetal development, leading the World Health Organization (WHO) to consider the disease a Public Health Emergency of International Concern (PHEIC) (58) . One of the first reports, published by Besnard and co-workers (59) , described two cases of perinatal transmission of the virus in French Polynesia. Viral RNA was detected in the blood, saliva, and urine samples from mothers and newborns, as well as in breast milk (up to 250 × 10 4 copies of RNA/mL) from both mothers, but breast milk cultures were negative. Clearance of the virus from the plasma and urine of mothers and newborns by the 11 th day post-delivery suggested an effective immune response to infection.
Doubts concerning the safety of breast feeding by mothers infected with Zika virus were also raised when a woman with 35,000 copies of Zika virus RNA/mL in the blood on day 3 postdelivery was found shedding 850,000 copies/mL of breast milk on day 4. The particles replicated in Vero cell culture, reaching 30,000,000 copies/mL. Results from the newborn blood sample were ambiguous and it is not clear whether the child developed the disease (60) .
The first convincing evidence of vertical transmission came after the detection of Zika virus RNA and proteins in a preserved microcephalic fetus of a Brazilian woman at 8 th week of gestation. Viral proteins were found inside macrophages (61) abundant in the chorionic villi (62) . One could easily postulate that these innate immune mobile cells were acting as Trojan horses, carrying the virus from the mother to her fetus (63) . Zika virus proteins were also detected in the chorionic villi in one case of miscarriage in Brazil (64) . These results confirmed that the virus reached the placental tissue in infected pregnant women.
An irrefutable proof of vertical transmission came after Zika virus RNA was detected in the amniotic fluid collected by amniocentesis and incomplete and complete viral particles were detected in the brain cells of an aborted fetus. This proved that the virus passed through the placental barrier, with the potential to infect fetal neural cells, replicate, and induce neurological damage (30) (36) . Diagnosis of microcephaly and other neurological malformations in a fetus after 16 weeks of Zika infection symptons manifestations in the mother revealed that Zika virus persists in pregnant women and in their fetuses, infecting and damaging brain cells during neurogenesis (36) .
Viral RNA was also found in brain tissues of two newborns, who unfortunately did not survive long after birth, in Brazil. Viral antigens were detected in mononuclear cells in the brain tissue of one of these newborns, a possible outcome of viral invasion of the host immune cells (64) . Although these studies confirmed neurotropism of the Zika virus once it has passed through the placental barrier during pregnancy, they did not explain how the virus damages the neural cells.
Neurological outcomes associated with Zika virus infections in fetuses, newborns, and adults
It is well established that several members of the Flaviviridae family can cause serious neurological damage through neuroinvasion and neurovirulence (20) . The Japanese encephalitis virus (JEV) alone causes >67,000 infections annually in 24 countries, with 20-30% lethality and 30-50% of psychiatric and other neurological sequelae (65) . The recent rise in reports of microcephaly and other neurological complications associated with Zika virus infections in Brazil has led to a rapid increase in scientific collaborations (58) (66) to elucidate the mechanisms of viral pathogenesis and immune response. A summary of these efforts is presented below.
Zika virus and microcephaly
Microcephaly is by far the most serious and irreversible neurological complication caused by Zika virus infection (36) . It is characterized by a reduction in the cephalic perimeter, usually caused by an inappropriate development and/or destruction of the neural cells. It can be detected by ultrasound, tomography, or by cephalic perimeter measurements. According to WHO, newborns with a head circumference >2 standard deviations below the expected mean should be considered as having microcephaly, and those with >3 standard deviations below the expected mean should be considered as having severe microcephaly (67) .
Congenital Zika virus infection presents most commonly as microencephaly, ventriculomegalia, and intracranial calcifications. Hydranencephaly, intracranial calcifications, destructive lesions of the posterior fossa, hydrothorax, ascites, subcutaneous edema, and arthrogryposis have been described in severe cases (68) (69) . It is important to rule out other infectious agents that are known to induce microcephaly (38) (70) before ascribing it to Zika virus infection.
Ocular lesions have been observed in 34.5% of microcephalic newborns (71) and can be extensive, with macular atrophy, optical nerve alterations, optic disc hypoplasia, gross macular pigment mottling, and juxtafoveal chorioretinal atrophic lesions (71) (72) . Most of the reports, however, have been published at the beginning of the Brazilian outbreak and additional detailed studies are needed to establish a link between Zika virus and ocular lesions.
Placental structure and function seem to be preserved during Zika virus infection (64) , since the reduction in newborn size and trophoblastic invasion and preterm deliveries are not so frequent (73) . Furthermore, normal blood flow from the mother to the fetus was observed despite focal calcifications in villi and decidua (30) . In one case of miscarriage, heterogeneous chorionic villi calcification, fibrosis, perivillous fibrin deposition, patchy intervillositis, and focal villitis were noted (64) .
Analyses of tissue samples from a microcephalic aborted fetus provided detailed information at the macroscopic, histological, and immunocytochemical levels about neurological damage induced by a congenital infection with Zika virus (30) . Microencephaly (84g), widely open sylvian fissures, small cerebellum and brain stem, almost complete agyria, internal hydrocephalus of the lateral ventricles, numerous variablysized calcifications in the cortical and subcortical white matter, autolysis, and cortical displacement were reported, revealing profound anatomical modifications. Clusters of dense virus-like particles seen in damaged cytoplasmic vesicles showed that the virus was capable of replication in fetal neurons, as was later confirmed by Brazilian in vitro studies with neurospheres (38) .
Similarly, a study by Maklar and co-workers (30) demonstrated the strong neurotropism of Zika virus, as viral RNA was detected in the brain tissue (6.5 × 10 7 copies/mg) but not in any other fetal organ. Similar results were obtained in a study involving two miscarriages and two microcephalic newborns in Brazil, with histopathological changes limited to the brain and including parenchymal calcification, microglial nodules, gliosis, cell degeneration, and necrosis (64) .
The neuropathological mechanisms associated with Zika virus infections seem to involve cellular invasion, alteration of the expression of >500 host genes, impairment of the ability of neural progenitor cells to differentiate into neurons, and induction of caspase-mediated neural progenitor cell death (74) . These phenomena, associated with the presence of activated microglial cells and macrophages in most of the cerebral gray and white matter, and mild perivascular infiltrates composed of T cells and some B cells, indicate immunological involvement in tissue damage (30) . Recruitment of macrophages expressing the scavenger receptor CD60 contributes to the removal of cellular debris (37) (74) . Neurogenesis would be impaired by viral aggression and immune activation, explaining, at least in part, the drastic reduction in the bulk of the central nervous system in microcephalic fetuses and newborns.
Zika virus, GBS, and other neurological disorders in adults
Guillain-Barre syndrome is an acute auto-immune polyradiculoneuropathy that may be caused by infections, many of which involve Flavivirus (27) and other arboviruses such as Chikungunya (75) . It is characterized by superior/ inferior limb extremity paresthesia, ascending muscular weakness, and paralysis that can evolve into respiratory and deglutition disorders, and death (76) . The sensorimotor deficits are symmetrical and bilateral. GBS immunopathogenesis is complex, involving Toll-like receptors, production of pro-inflammatory cytokines with mielinotoxic activity, cellmediated immune responses with cytotoxic T cell activation, production of auto-antibodies, and complement activation (77) .
The first association between Zika virus infection and GBS was reported in French Polynesia in 2013 (76) in a woman who had fever, rash, and conjunctivitis 7 days before hospitalization when diffuse demyelinating disorder was confirmed. Viral antigens were not detected but neutralizing antibodies [immunoglobulin M (IgM) and immunoglobulin G (IgG)] against dengue and Zika viruses were present which can be one of the causes of this syndrome (78) .
An increase in GBS incidence was observed as the Polynesian Zika virus infection outbreak progressed, with an estimated incidence of 0.24 cases/1,000 infections. The majority of patients were male (74%), aged 36-56 years, with rapidly progressing neurological symptoms starting at day 6. Anti-Zika virus IgM or IgG and neutralizing antibodies against Zika virus were detected in 98% and 100% of patients, respectively. None of the GBS patients had Zika virus RNA detected by reverse transcription polymerase chain reaction (RT-PCR), emphasizing not only the short viremic period of infection but also the autoimmune nature of GBS (79) (80) .
In July 2015, only 4 months after confirmation of Zika virus circulation in Brazil, GBS diagnosis was confirmed in 42 (55%) from 76 patients in Bahia State, with 26 (62%) patients declaring to have had experienced the symptoms of Zika virus infection (81) . According to WHO (81) , by the end of March 2016, increased GBS incidence was reported in 13 countries with Zika virus circulation. In Brazil, 1,708 cases were reported from January to November 2015 with the most pronounced increases in incidence being reported in Alagoas (516.7%), Bahia (196.1%), Rio Grande do Norte (108.7%), Piauí (108.3%), Espírito Santo (78.6%), and Rio de Janeiro (60.9%). Zika virus infection has not been laboratory-confirmed for an overwhelming majority of Latin American cases, and it must be remembered that many of these countries are experiencing simultaneous circulation of other arboviruses that can also cause GBS
(1) (6) (43) (81) (82) .
Further, transverse myelitis was reported in a Mexican teenager 9 days after the onset of Zika virus infection symptoms, presenting many signs of spinal damage (83) . Similar observations were made in dengue fever patients in Brazil (84) (85) (86) . High copy number of Zika virus RNA was detected in the urine, serum, and cerebrospinal fluid of the Mexican subject. Raised leukocyte and polymorphonuclear cell counts were also reported, indicating immune activation. Other microbial causes of myelitis were absent (83) .
Meningoencephalitis is yet another neurological complication of Zika virus infection, leading to hemiplegia, paresis, Babinski sign, ischemic foci, hypersensitivity of rolandic fissure, narrowing of the right callosomarginal artery, coma, spatial delusions with visual and kinesthetic hallucinations, and muscular weakness. Laboratory findings were the same as described (87) for Zika virusassociated transverse myelitis. Other neurological consequences of Zika virus infection in the adult include a decline in bilateral acuity in hearing, transient dull or metallic hearing, and a delay between the emission and perception of sound. All these symptoms disappear after 10 days (13) .
CONCLUSIONS
The spread of Zika virus in Brazil and other countries in the Americas has become a Public Health Emergency of International Concern. Long persistence of the virus in the neural cells of fetuses whose mothers are infected during pregnancy favors neural progenitor cell infection, reprogramming of genetic expression, and cell death, leading to microcephaly with viral and immune involvement. The precise mechanisms of this neuropathogenesis are still under study to elucidate why the Zika virus strain that is circulating in Brazil has this unprecedented destructive potential of the fetal central nervous system.
In conclusion, even though we are far from understanding the molecular mechanisms underlying Zika virus pathogenesis, there has been an undeniable progress in our understanding of these infections. All aspects of Zika virus biology merit further investigation. Areas that we still know relatively little about, with a high possible curative potential, are the detailed mechanisms of viral transfer through the placenta, protective immunological responses in mothers and fetuses and safe antiviral compounds. Before these fundamentals are built, we must improve our strategies of vector control and increase people´s awareness of this disease.
